Despite the enticing discoveries of chaos in nature, triggers and drivers of this phenomenon remain a classical enigma which needs irrefutable empirical evidence. Here we analyze results of the yearlong replicated mesocosm experiment with multi-species plankton community that allowed revealing signs of chaos at different trophic levels in strictly controlled abiotic environment. In mesocosms without external stressors, we observed the "paradox of chaos" when biotic interactions (internal drivers) were acting as generators of internal abiotic triggers of complex plankton dynamics. chaos was registered as episodes that vanished unpredictably or were substituted by complex behaviour of other candidates when longer time series were considered. Remarkably, episodes of chaos were detected even in the most abiotically stable conditions. We developed the integral chaos indicator to validate the results of the Lyapunov exponent analysis. These findings are essential for modelling and forecasting behaviour of a variety of natural and other global systems.
Originating from theoretical ecology 30 , the debate about chaotic behaviour of natural communities has intensified during the recent decade since the signs of chaos were reported in the larger, long-term experimental system with natural populations 8 and in the lake-scale ecosystems 10 . These studies targeted plankton communities because due to short life cycles of the organisms they provide time series that are sufficiently long to allow for community dynamics analysis 31 . Moreover, plankton dynamics is rather well studied 32 , although it is conventionally interpreted using the Plankton Ecology Group (PEG) model to describe the interplay between strong external triggers setting the frame for internal biotic interactions as drivers 24, 33 .
Can There Be Chaos in A System Without External Triggers?
For many ecologists the question what is chaos -mathematical artefact or ecological reality 30 -is still open, irrespective of the examples in nature reported so far. Eventually, the mechanistic models [34] [35] [36] have brought the effect of abiotic factors back into fashion through seasonal forcing of vital rates 37 . For example, the vulnerability of small populations to environmental changes is a phenomenon, which is of major concern in conservation biology; however, the resulting dynamics of those populations was shown to be triggered by external factors 38 . Thus, it is an open question whether or not the observed complex population behaviour is just reflecting the chaotic patterns of the external triggers.
Some of the uncertainties were resolved in the experiment reported by Benincà with co-authors 8 , who presented the exceptionally long (2,319 days) plankton time series sampled with high frequency. However, although this experiment was accurately designed, skilfully implemented and carefully analyzed, still it left some important questions unanswered. One of the main points of concern is the lack of replicates in this experiment; another open question is instability of external factors acting as triggers for plankton dynamics.
External triggers, especially irradiance and temperature, are responsible for setting the frame within which the biological interactions take place in nature 39 . In the experimental mesocosms, the organisms also have to tolerate fluctuations of the external factors, and the specific tolerance ranges correlate mainly with longevity. Therefore, modification of the abiotic environment is followed not only by changes in the abundance of species but also by species composition shifts 24, 29 . The latter is most pronounced for short-lived unicellular organisms compared to larger, multicellular organisms 40, 41 . However, the question whether or not chaos can be detected in the systems with stable abiotic parameters remains unresolved.
Here we demonstrated the interplay of triggers and drivers of plankton dynamics in multi-species communities under artificially stabilized abiotic conditions in the replicated yearlong mesocosm experiment. We set forward and tested two research hypotheses (RHs). According to the RH1, the natural phenomenon of the "paradox of chaos" implies that biotic interactions act as both triggers and drivers for plankton dynamics in the systems lacking abiotic variability. The RH2 suggests that complex behaviour is an option which can be expressed just in episodes at any level of biological organization. If chaos is an inherent character of the systems, complex behaviour should always appear when the observation time span is sufficiently long. The question whether such chaotic behaviour is a mandatory feature of the systems lacking external triggers or just an episode/probability had neither been tested experimentally nor proved by previous observations.
To test these hypotheses, we designed a set of four mesocosms with identically stable abiotic conditions 42 and investigated diversity, abundance and interactions of major planktonic components (uni-and multicellular as well as colonial representatives) from different trophic levels (primary producers, herbivorous and carnivorous consumers, and decomposers; top predators were lacking in the system) during a yearlong experiment. The experimental plankton community developed from an inoculum of the Baltic Sea water and included bacteria, picocyanobacteria, phytoplankton, micro-and mesozooplankton (see Methods). Plankton was cultured under constantly controlled abiotic conditions to exclude extrinsic influences 42 . We detected episodes of chaotic plankton dynamics in all mesocosms; the number of these episodes was the highest in the most abiotically stable environment ( Fig. 1 ).
Controlled Abiotic Stability
The initial abiotic conditions in four mesocosms (labelled A to D) were very similar or even identical, providing high degree of long-term stability of the major external triggers of plankton dynamics (irradiance, temperature and salinity), which was maintained in all replicate mesocosms throughout the experiment ( Fig. 1 , lower panel; Supplementary Fig. S1 ). Concentration of nutrients -soluble reactive phosphorus (SRP), nitrate, nitrite, ammonium, total nitrogen (TN) and total phosphorus (TP) in seston and their dynamics were largely similar in all replicate mesocosms, with only minor exceptions and without any distinct differences in trends and variation ranges of the parameters ( Supplementary Fig. S2 ). These patterns of nutrient dynamics, although not always clearly visible in the graphs based on the initial non-transformed data, were proved to be statistically similar by the Spearman Rank Correlation Analysis ( Supplementary Table S1 ). For dissolved inorganic nitrogen (DIN) concentrations, all Pearson correlation coefficients (p-values) exceeded 0.2, most of them being > 0.5; this witnesses for very high similarity of patterns in all mesocosms. Patterns of PO 4 3− (dissolved inorganic phosphorus, DIP) were very similar in A, B and C (p > 0.2), while this similarity for C/D was the lowest. The p-values for SRP in A/D and B/D were the lowest ( Supplementary Table S1 , numbers in bold), suggesting that mesocosm D was different from the others in terms of PO 4 3− dynamics ( Supplementary Fig. S2e ).
Trends in Plankton Dynamics
Plankton composition, abundance, and their dynamics varied in time and strength demonstrating comparable trends. Dynamics of micro-biotic components (nutrients concentration, the bacteria and cyanobacteria 43 ) was relatively uniform ( Supplementary Fig. S2a -g). Microzooplankton -protozoa (the testate amoeba Arcella sp.) and rotifers (Lecane sp., Colurella sp., Filinia longiseta, Brachionus quadridentatus and Keratella cochlearis) demonstrated patterns of annual population dynamics that varied in different mesocosms ( Supplementary Fig. S2h -m).
Abundance of mesozooplankton (cladocerans Alona sp., copepods Eurytemora affinis, Acartia tonsa, juvenile cyclopoid copepods and other zooplankters) were irregular, representing natural cycles of population development against the background of the available food resources ( Supplementary Fig. S3a-e ). The zooplankton species composition varied substantially between the replicate mesocosms; however, the overall zooplankton biomass had generally similar temporal dynamics, whereas the magnitude of peaks and dips differed significantly ( Supplementary Fig. S3f-l) . Thus, the individual kinetics of plankton components demonstrated differences between mesocosms, mainly with respect to zooplankton composition. Despite the varying community structure, five phases in plankton dynamics can be distinguished in all experimental mesocosms, as demonstrated by the scheme based on kinetics of picoplankton, bacteria, DIN and DIP concentrations, and DIN/DIP ratio ( Fig. 2 ). Those phases were evident in all mesocosms, and this is a proof that our mesocosms were true replicates and plankton therein behaved similarly with respect to periodicity.
The principal component analysis (PCA) of the overall zooplankton biomass versus a set of abiotic characteristics and microplankton data allowed revealing a specific pattern ( Fig. 3 ). This pattern could be explained neither by any single factor nor by their combination: eigenvalues were low and the percentage of variability explained by them was negligible ( Supplementary Table S2 ). Reduction of the dataset by excluding the first period of ca. 50 days (the 'acclimation phase') did not change the picture substantially enough, and the pairwise test for differences by ANOSIM resulted in very low R-values ranging from 0.008 (in mesocosms B, A and A, C) to 0.012 (in B, D and C, D). The bacterial abundance dominated the first component with a loading of −0.592 ( Supplementary  Table S3 ). Additional test using a nested two-way approach failed detecting any significant differences between mesocosms as well as between the individual phases within each mesocosm ( Supplementary Table S4 ).
Results of the PCA analysis showed that in both cases (when zooplankton taxonomic composition was taken into account, and when zooplankton was considered as a trophic level of primary consumers irrespective of the (n = 97, moving average with a period n = 6) in the mesocosm C, which was characterized by the highest abiotic stability. Chaotic behaviour of bacteria, protozoans and rotifers was detected by Lyapunov exponent analysis and verified by the Integral Chaos Indicator (see text for explanations). species composition), no statistical differences between mesocosms were registered (with only one exception, see Supplementary Fig. S3b ).
the integral chaos indicator
Chaotic behaviour of the biotic parameters in the experiment was detected by the Lyapunov exponent (Ly) analysis. Results are presented for the stationary window time series and for all available time series (Supplementary Figs. S3 and S4, respectively). The histograms and probabilities of the fitted slope of Ly-values are shown for 100 randomly shuffled time series of the stationary window dataset ( Supplementary Fig. S5 ).
For verification of the calculated Ly-values, a set of indicators was developed ( Fig. 4 ). The output of the analysis was fitted using a 3-parameter linear slope plus plateau function and then assessed using the combined linear-plateau fit, a set of quality indicators (QI s , QI p , QI1, QI2), and the original Integral Chaos Indicator (ICI). The ICI was calculated based on the assumption that there was no hint for chaotic time series in all those cases when QI1 or QI2 or both provided negative quality assessment of Ly-values (−), i.e. no slope was apparent, or the slope was indistinguishable from noise. A sign of chaotic processes (+) was only considered in those cases when both QI1 and QI2 were positive.
The values for the fitted Lyapunov exponent, the standard deviation of the fitted slope, the indicators QI1, QI2 and ICI are given in Table 1 . The results proved that nearly all Ly calculations, including the deterministic test time series, produced positive Ly-values that are signs of complex behaviour. However, testing these results by the indicator QI1 showed that the false positive Ly-values were in many cases as frequent as expected for the 'true' positives. Meanwhile, the random shuffle test and the indicator QI2 allowed eradicating most of the false positives by showing that their values were not distinguishable from those generated by the random time series (Table 1) . Nevertheless, signs of potential chaotic behaviour were still confirmed statistically for some biotic components: testate amoebae Arcella and rotifers Lecane; surprisingly, such tendencies were not revealed for bacteria, picophytoplankton and SRP (Table 1) .
For the stationary window data, the assessment allowed revealing 5 biotic parameters with reliable signs of complex behaviour: Arcella in mesocosms A and C, Lecane in B and C, and bacteria in C. In addition, the abiotic parameters -light extinction in B, and pH in C -also demonstrated positive ICI results that indicate chaotic behaviour. www.nature.com/scientificreports www.nature.com/scientificreports/ When the entire dataset was analyzed, including the data from the 'noisy' acclimation phase, none of the former candidates from the stationary-window dataset expressed the reliable complex behaviour, although now they were exhibiting higher Ly-values compared to the previous assessment (Table 1) . Moreover, in this case some other candidates were exposing signs of chaos since the data from the acclimation phase added extra variability ( Table 1) .
Variation of the reliably positive Ly-values was high, ranging from 0.021 to 0.058 per 3.5 days. Low Ly-value (0.021) for light extinction in mesocosm B was quite close to the values generated for the deterministic or only slightly random test cases 1, 2 and 5 ( Table 1) . Relatively frequent positive results of the random shuffle test for salinity and the test cases assessed by QI2 suggested that those Ly-values most likely originated from a random noise process. The latter conclusion was also supported by a lack of clear slope/plateau as indicated by QI1 ( Table 1) . The truncated Lorenz time series (test 5) was classified as non-chaotic showing no plateau; the information contained in this short snippet of the chaotic Lorenz attractor was not sufficient to detect a clear sign of chaos.
Calculation of the Ly-values provided remarkable results since initially quite a number of biotic parameters exhibited positive Ly-exponents with rather low standard deviations ( Table 1 ). Evaluation of these results for probability of being false-positive by comparing them with the test time series provided the unexpected outcome. Specifically, for the stationary window dataset, five biotic parameters exhibited signs of complex behaviour; three www.nature.com/scientificreports www.nature.com/scientificreports/ of those were discovered in one mesocosm (C). Among those parameters, at least 3 components of the food web and pH -a feature strongly influenced by the biotic activity -showed signs of chaotic behaviour. However, these signs vanished when the entire dataset was analyzed. Thus, surprisingly, addition of the strongly variable data from the initial acclimation phase that were characterised by the most drastic fluctuations (so that magnitude of those fluctuations even could be considered as a breakdown when maximum chaotic behaviour would be expected), in fact did not cause the enhanced complex plankton behaviour. Fig. 4 . Relevance of the calculated
One mesocosm (C) demonstrated an example of chaotic dynamics of three biotic components from two trophic levels: heterotrophic consumers (protists Arcella sp., and rotifers Lecane sp.), and decomposers -the bacteria (Fig. 1) . Importantly, this mesocosm was characterised by the lowest among the vanishingly small variations of abiotic parameters compared to the other mesocosms ( Fig. 1, Supplementary Fig. S1 ). Thus, each episode of chaos therein hypothetically should propagate through the trophic web since the oscillators coupled together likely increase the potential for incommensurate frequencies 2 due to space-time correlated interconnections of organisms with numerous nutrient cycles, matter and energy flows 44 . However, this effect was not observed. Neither it was possible to reveal the statistically significant multiple signs of chaotic behaviour in the other three mesocosms ( Supplementary Fig. S1 and Table S1 ).
Meanwhile, it must be taken into account that chaotic behaviour cannot necessarily be detected by the direct analyses of the experimental variables. Testing combinations of the experimental variables instead of analysing them separately may result in a stronger indication of the chaotic dynamics. However, such an attempt with respect to the signal/noise ratio of the dataset and the resulting number of false-positive indications was not made in this study. It would probably require an even higher sampling frequency and should also consider the data about physiological activity, especially of the bacterial component in plankton.
Comparative analysis showed that none of the mesocosms exhibited reliable signs of chaotic dynamics of plankton as a whole; however, complex behaviour was revealed for certain components within one of the two assessed time frames (but never in both). Only one out of 4 experimental mesocosms (A) exhibited at least comparable results for both time frames and for at least 2 biotic components (Table 1) . Thus, episodes of chaos in plankton of the abiotically stabilized systems were shown to be an option rather than a must. Remarkably, chaos emerged presumably in the most stable abiotic conditions; however, once appeared, those patterns were either spreading within the trophic level or vanishing due to internal biotic interactions. These results illustrate that chaos may be evident or any trace of it may disappear in an experimental time series due to small variations in the abiotic parameters reflecting the temporal and spatial scales of the respective information which these parameters contain.
outlook Historical and current knowledge demonstrates that nearly every real-world system is a nonlinear dynamical integrity, and while some of those may contain only few interacting parts and follow rather simple rules, still all have strong dependence on the initial conditions 11, 45 . In nature, aquatic ecosystems represent the many-component life systems of the highest dynamism due to short generation cycles, high metabolic rates, effective adaptation strategies and rapid evolution of major plankton inhabitants [39] [40] [41] [46] [47] [48] [49] . Unravelling the internal mechanisms that rule nonlinear plankton dynamics in nature requires long-term experimenting 44 , particularly in the conditions of stable external triggers, e.g. irradiance, temperature and salinity known as the apt master factors for plankton communities 50 .
A decade ago, strong arguments were put forward in favour of chaotic behaviour of the species-depleted plankton communities 8 . However, the questions whether or not chaos can be detected in the live systems with stable abiotic parameters and can the complex dynamics of plankton be replicated in the mesocosm experiments remained unclear. We suggested an original experimental design 42 and developed a novel approach that allowed eliminating the multiple potential sources of uncertainty present in some previous studies. Specifically, we performed a long-term (286 days) replicated experiment in 4 mesocosms with multi-species plankton community in the strictly controlled stable abiotic conditions. This study showed that traits of the chaotic dynamics that are routinely associated with changing external conditions may be adaptive even when the extrinsic environment is spatially and temporally homogeneous (Fig. 1) . These results are in accordance with the earlier findings of Fussmann and Heber 2 .
Interestingly, temperature and irradiance data sometimes also tended to expose pseudo-chaotic patterns despite the established fact that those parameters were kept constant and instrumentally controlled throughout the experiment 42 . These trends should be considered as 'false-chaotic' since they arose from the exceptional sensitivity of the Lyapunov exponent analysis, as demonstrated by our quality indication system and the ICI. This outcome supports the viewpoint that nonlinear systems are difficult to resolve analytically because they cannot be split into constituent parts, solved individually, and then recombined to get a final solution 11 . Therefore, similarly to the 0-1 indicator for resolution of partially predictable chaos from strong chaos and laminar flow in physics 51 , our results highlight the importance of critical follow-up assessment of the Ly-exponent calculations and their interpretation by means of the newly developed Integral Chaos Indicator. These findings also provided experimental evidence to the assumption that even well-controlled biotic systems without external triggers may be "subject to stochastic perturbations" sensu Massoud and co-authors 44 .
Unpredictability of chaos hinders forecasting the future of global systems that may eventually become unknowable with any precision because even small interventions may cause unexpected environmental, economic or societal consequences as minor effects can compound nonlinearly over time 11 . Therefore, like innovative Toyo Ito's architecture and city development in modern Tokyo are akin to 'finding order in chaos' and thus become influential 4 , our improved assessment of chaos in nature has imperishable importance. This assessment is crucial since complex dynamics impacts biodiversity nonlinearly 1, 19 , resolves multidimensional essence of stability 1,3 and, therefore, has to be considered in the advanced environmental management 24 .
Ly-values tested by QI1, QI2 and ICI is indicated by bold font for all parameters tested positive for at least one of the quality indicators (QI1 and QI2) without contraindication with the respective second one. The cases of negative test results for both indicators are given in italic font.
Our approach to detection and verification of chaotic behaviour opens new windows for Translational Ecology 41 by showing that chaos is an inherent feature of life systems which ensures their continuity. This new knowledge backs up a predictive understanding of complex systems thus facilitating the essential human life activities. The results of this study will have wider implications in forecasting behaviour of a variety of global life systems, including human society, since we proved experimentally that a lack of external triggers is a poor guarantee that chaos will not be triggered internally and emerge spontaneously, propagating through any level of systems' hierarchy.
conclusions
The authentic long-term experimental study of chaos in natural plankton communities was run in four originally designed replicated mesocosms under the uniquely stable, instrumentally controlled abiotic conditions during 286 days. Plankton in all experimental compartments consisted of bacteria, unicellular picocyanobacteria, colony-forming cyanobacteria, flagellates, heliozoans, testate amoebae, ciliates, rotifers, cladocerans and copepods. These assemblages were representing four trophic levels: primary producers, primary and secondary consumers, and decomposers. A clear distinction between the initial acclimation phase and the subsequent plankton succession was revealed and analyzed statistically. Our innovative results supported both research hypotheses that were set forward and tested in this study and allowed concluding the following:
(1) The unconventional natural phenomenon of the "paradox of chaos" was revealed; this implies that biotic interactions act as both triggers and drivers for plankton dynamics in the systems lacking abiotic stressors. (2) Chaos in plankton was registered as episodes at different trophic levels; however, the signs of chaos vanished unpredictably or were substituted by complex behaviour of other candidates when longer time series were considered. (3) We developed the Integral Chaos Indicator -a novel tool for assessing complex behaviour and validating the results of the Lyapunov exponent analysis which is known to be sensitive to variations of the experimental parameters.
Methods
Mesocosm setup. A set of four identical 120-L plastic barrels formed the mesocosm compartments labelled A, B, C and D for plankton incubation. All mesocosms were inoculated with a 1:4 mix of water: 1 part was obtained from a previously constructed mesocosm setup (started in 2008 with water initially collected in a coastal lagoon of the Baltic Sea, the Darß-Zingst Bodden, site Zingster Strom), and 3 parts of natural brackish water were taken in July 2010 from the same site. Plankton in the initial inoculum in all experimental compartments consisted of bacteria, unicellular picocyanobacteria, colony-forming cyanobacteria, flagellates, heliozoans, testate amoebae, ciliates, rotifers, cladocerans and copepods. These assemblages were representing four trophic levels: primary producers, primary and secondary consumers, and decomposers 42 . As shown recently by molecular data, most Microcystis-like and Aphanothece-like morphospecies that originated from the Darss-Zingst Bodden are currently attributed to alpha-picocyanobacteria, being genetically most close to Cyanobium which taxonomy is largely unresolved 43 . Each mesocosm was surrounded by a water jacket (300 L) for temperature control. All water jackets were interconnected by an immersion pump (AquaMedic, OR3500) to form a common closed thermostabilizing system controlled by a cryostat (AquaMedic, SK2). The system provided identical water temperature (20 °C) inside all mesocosms throughout the entire 1 year-long experiment: from August 2010 through September 2011 42 .
To prevent formation of abiotic gradients and stratification, each mesocosm was equipped with a stirrer (MFA/Como Drills; 919D Series connected to a 9.5 cm plastic propeller) placed in the middle of the water column. Low rotating speed (72 rounds min −1 ) and specific stirring regime (5 min on and 5 min off) resulted in smooth water circulation.
The mesocosms were covered with transparent acryl plates in order to diminish evaporation and heat losses. Illumination under a 12 h/12 h dark/light cycle was provided by fluorescent lamps (OSRAM DuluxStar 23 W/825) allowing for up to 135-140 µMol photons m −2 s −1 at the water surface.
Abiotic parameters (light extinction, irradiance, temperature, pH and salinity), concentration of nutrients (orthophosphate, nitrate, nitrite, ammonium, total nitrogen and total phosphorus in seston), the bacteria, phytoand zooplankton were sampled twice weekly, evaluated and analyzed using standard laboratory techniques. Further details of the mesocosms design, sampling procedures, species identification and measurement techniques are provided by Schubert and co-authors 42 .
Statistical analyses. Statistical analyses of the kinetics of abiotic parameters and plankton populations were performed for (1) the stationary window (i.e. the period of time after the initial acclimation of the community has taken place) and (2) the entire dataset by means of the correlation analysis, Spearman rank correlation analysis, non-metric multi-dimensional scaling (MDS) using a Bray-Curtis dissimilarity matrix, and the principal component analysis (PCA). The similarity/dissimilarity between groups of samples was tested by the analysis of similarities (ANOSIM). Similarity percentage analysis (SIMPER) was used to examine the contribution of each set of samples to the average dissimilarity between groups of samples. For all statistical tests, analyses and visualization of the results we used the program package PRIMER V6 (Primer-E Ltd, Plymouth, UK).
Lyapunov exponent analysis.
Dynamics of plankton and the environmental parameters were evaluated by calculation of the Lyapunov exponent (Ly), a measure of convergence/divergence of nearby trajectories that was performed for all available data from 4 mesocosms sampled in 2010-2011. In total, eleven pelagic components were assessed: 5 biotic groups and 6 abiotic parameters. Abundances of 3 zooplankton groups: testate amoebas, rotifers and "other zooplankton"; 2 microplankton compartments: the bacteria and picophytoplankton; and abiotic characteristics: soluble reactive phosphorus (SRP), light extinction, irradiance, temperature, pH, and salinity -were measured and analyzed on an equidistant grid with a time step of 3.5 days.
The final dataset covered 286 days and consisted of n = 97 observations of each species' population counts and n = 130 measurements of each abiotic parameter. Data were fourth-root power transformed as described by Benincà with co-authors 8 , for homogenising the variance of all counts; none of the trends were excluded from the analyses.
For test purposes, additional five time series were generated artificially: (1) a sinus function describing a purely deterministic dynamics with fluctuations of the parameter; (2) time series as in (1) but with addition of a random component; (3) a uniform time series with random numbers; (4) a size-ordered time series based on the original data on Arcella sp. from mesocosm A, with monotonically increasing values; and (5) a time series consisting of about 100 points from two cycles (6 loops on the two wings, flipping twice from one to the other) of the chaotic Lorenz system mimicking pseudo-deterministic behaviour.
All time series were analyzed using the "lyap_r" function of the Tisean V3.0.1 package 52, 53 . Negative Lyapunov exponent values (Ly-values) indicated that the nearby trajectories converged, which was considered as a characteristic of stable equilibria and periodic cycles in the population. Conversely, positive Ly-values represented divergence of the trajectories indicating the complex (chaotic) behaviour.
